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Abstract—A dual-modality all-optical ultrasound and pho-
toacoustic imaging probe was fabricated using a commercially
available permanent marker ink. The permanent marker ink was
dried and mixed with polydimethylsiloxane to form a composite
coating on optical fiber tips. The coating exhibited wavelength-
selective absorption, with absorption > 90% at 532 nm for
ultrasound generation, and < 10% at 1064 nm for photoacoustic
light transmission. Ultrasound generated by the device had a
peak-to-peak pressure in excess of 200 kPa and a corresponding
−6 dB bandwidth of 17.3 MHz. The fabricated transmitter
was combined with a plano-concave Fabry-Pe´rot fiber optic
hydrophone to create an imaging probe. The axial ultrasound
resolution of the probe was < 200 µm. Co-registered ultrasound
and photoacoustic imaging was demonstrated with a wire phan-
tom. This work demonstrates the feasibility for making low-cost
dual-modality devices using all-optical ultrasound.
Index Terms—All-optical ultrasound, photoacoustic imaging,
ultrasound imaging, polydimethylsiloxane, composite
I. INTRODUCTION
Recently there has been interest in the use of miniature
hybrid probes for guiding minimally invasive procedures [1]–
[3]. One promising hybrid is the combination of ultrasound
and photoacoustic imaging [4]–[9]. With ultrasound imaging,
an ultrasound wave is transmitted into the tissue and the
received reflections are used to generate an image, thereby
providing structural contrast. With photoacoustic imaging,
light is delivered to the tissue where it is selectively absorbed
and generates an ultrasound wave which is received, providing
molecular contrast. These two complementary modalities have
been realised using electronic ultrasound transducers [4]–
[9]. However, alternatives to electronic ultrasound transducers
are desirable to achieve increased bandwidth, compactness,
flexibility and immunity to electromagnetic interference.
All-optical ultrasound, where ultrasound is generated and re-
ceived using light, is emerging as a viable solution. Ultrasound
generation is performed via the photoacoustic effect, wherein
pulsed or modulated laser light is absorbed within a coating
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leading to a temperature rise and a corresponding pressure rise
which propagates as an ultrasound wave [10], [11]. Ultrasound
reception can be performed optically using interferometric
methods [12]–[15]. One promising method providing high sen-
sitivities and wide bandwidths is the Fabry-Pe´rot hydrophone
[12], [13]. In order to create highly miniaturised imaging
devices, both ultrasound generation and reception can be
performed at the distal end of optical fibers [16]–[21]. These
devices have been shown to provide high resolution imaging
and can be used for real-time guidance [17]. Moreover, the
use of optics allows the elegant integration of photoacoustic
imaging [22]. Here, wavelength-selective composites can be
used. These materials absorb light at one wavelength range
for ultrasound generation and transmit light at another wave-
length range for photoacoustic excitation. This allows for
both ultrasound generation and light delivery for photoacoustic
excitation to be confined to a single optical fibre, reducing
device size and complexity.
Here we demonstrate the use of a low-cost, commercially
available, permanent marker ink to fabricate a wavelength-
selective composite for dual-modality all-optical ultrasound
and photoacoustic imaging. A composite material was fab-
ricated and coated onto the tips of optical fibres to create
a miniaturised ultrasound and photoacoustic transmitter. The
combination of the transmitter with a plano-concave Fabry-
Pe´rot fiber optic hydrophone was used to demonstrate co-
registered imaging using a wire phantom.
II. METHODS
A. All-optical ultrasound and photoacoustic transmitter fab-
rication
A composite solution comprising permanent marker ink (Lu-
mocolor, Staedtler, UK) and polydimethylsiloxane (PDMS)
(MED-1000, Polymer Systems Technology, UK) was prepared
(Fig. 1(a)). The as bought ink (1 ml) was left exposed in
ambient conditions to remove the solvent. Xylene (1 ml) was
added to the dry ink to form a solution. Subsequently, the
ink solution was manually mixed with PDMS (1 g) to for
a homogeneous composite solution. Multimode optical fibers





Fig. 1. Fabrication of the ink/PDMS composite. (a) Schematic showing
the fabrication process for the ink/PDMS composite coating. 1. Ink left to
dry. 2. Xylene added to dry ink. 3. PDMS added to ink solution. 4. Optical
fiber dip coated with ink/PDMS composite solution. (b) Ink/PDMS composite
fiber optic ultrasound transmitter with through illumination as viewed on a
stereomicroscope.
prepared for dipping into the ink solution. The fibers were
stripped of their buffer coating at the distal end and cleaved.
The cleaved distal end surface was dipped into the composite
solution and removed leaving a composite coating on the fiber
tip. Subsequently, the coated fibers were stored with the distal
end facing up for 24 hours to allow the composite to cure. The
fabricated ink/PDMS composite fiber optic ultrasound trans-
mitters were examined using a stereomicroscope (Fig. 1(b)).
B. Ink/PDMS composite characterisation
The optical absorption within the ink/PDMS composite was
characterised. The coated distal end of the fibre was inserted
into an integrating sphere (FOIS-1, Ocean Optics, USA) and
illuminated through the optical fibre using a broadband white
light source (HL-2000-HP-FHSA, Ocean Optics, USA). The
output from the integrating sphere was measured using a
spectrometer (Maya2000 Pro, Ocean Optics, USA), over a
wavelength range of 400 to 1100 nm. The measured optical
spectrum was compared to that recorded using a bare optical
fiber to find the optical absorption spectrum.
The generated ultrasound characteristics of the ink/PDMS
composite fiber optic transmitter were measured. To generate
ultrasound a Q-switched pulsed laser (FQ-500-532, Elforlight,
UK), with a wavelength of 532 nm, a pulse width of 10 ns, and
a repetition rate of 100 Hz, was coupled into the optical fiber.
The laser fluence was 60 mJ/cm2 at the coating. The generated
ultrasound was measured at 1.5 mm from the coating using
a needle hydrophone (200 µm diameter, Precision Acoustics,
UK) with a calibrated range from 1 to 30 MHz.
C. All-optical ultrasound and photoacoustic imaging
To fabricate an all-optical ultrasound and photoacoustic imag-
ing probe, the ink/PDMS composite fiber optic transmitter
was paired with a plano-concave Fabry-Pe´rot fiber optic hy-
drophone [12], [13]. Ultrasound was generated using a Q-
switched pulsed laser (FQ-500-532, Elforlight, UK), with a
wavelength of 532 nm, a pulse width of 10 ns, and a repeti-
tion rate of 100 Hz. Photoacoustic excitation was provided
by a second Q-switched pulsed laser (SPOT-10-500-1064,
Elforlight, UK), with a wavelength of 1064 nm, a pulse width
of 2 ns, and a repetition rate of 100 Hz. The Fabry-Pe´rot
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Fig. 2. Optical and ultrasound characteristics of the ink/PDMS com-
posite. (a) Optical absorption spectrum. The vertical green line indicates the
wavelength used for ultrasound generation (532 nm). (b) Ultrasound time-
series measured at 1.5 mm from the coating. (c) Corresponding ultrasound
power spectrum.
ultrasound receiver was interrogated using a continuous wave
tuneable laser (Tunics T100S CL, Yenista Optics, France),
via a circulator. The reflected optical signal from the Fabry-
Pe´rot cavity was measured using a custom photodetector which
split the signal into low- (< 50 kHz) and high-frequency
(> 500 kHz) components. The low frequency signal was
used to identify the optimum bias wavelength of the Fabry-
Pe´rot cavity. The high-frequency signal was encoded with the
received ultrasound signal and was digitized at 100 MS/s (PCI-
5142, National Instruments, UK).
Ultrasound imaging and photoacoustic imaging followed
the same protocol. Imaging was performed by translating the
probe using a motorised stage. The probe was translated in
50 µm steps across the imaging region and a signal was
recorded at each step. In order to acquire co-registered images,
the scan was first performed using the 532 nm laser for
ultrasound generation. Subsequently, the scan was repeated
using the 1064 nm laser for photoacoustic excitation. The
received data was processed and reconstructed as described
previously [22].
III. RESULTS
A. Optical absorption of ink/PDMS composite
The optical absorption of the ink/PDMS composite was
wavelength-selective (Fig. 2(a)). For wavelengths below
700 nm, the composite exhibited a high optical absorption,
with an optical absorption > 90% at 532 nm. From 700 nm
upwards, the optical absorption decreased and was < 10% at
1064 nm. This absorption profile allows for absorption of light
for ultrasound generation at 532 nm and transmission of light







































Fig. 3. All-optical ultrasound and photoacoustic imaging of wire phantoms. (a) Schematic of the resolution phantom comprising tungsten wires. (b)
All-optical ultrasound image of the tungsten wire resolution phantom. (c) Schematic of the imaging setup and the alternating coated wire phantom. (d)
Co-registered all-optical ultrasound (gray) and photoacoustic (hot) image of the alternating coated wire phantom.
B. Ultrasound generation characteristics of the ink/PDMS
composite
The ultrasound generated by the ink/PDMS composite fiber
optic transmitters was measured. The generated ultrasound
pulse was bipolar in shape and had a peak-to-peak pressure of
266 kPa measured at a distance of 1.5 mm from the coating
surface (Fig. 2(b)). The corresponding power spectrum had
a −6 dB bandwidth of 17.3 MHz and a central frequency
ca. 14 MHz (Fig. 2(c)). These characteristics suggest the
fabricated transmitters are suitable for all-optical ultrasound
imaging.
C. All-optical ultrasound and photoacoustic imaging
To assess the ultrasound imaging resolution, a phantom con-
sisting of tungsten wires (27 µm diameter) stretched across a
plastic mount was imaged (Fig. 3(a,b)). Notably, the tungsten
wires produced no photoacoustic signal, thus only the ultra-
sound image is shown. The resolution was measured as the
the full-width at half-maximum of the imaged tungsten wires.
The axial resolution was found to be 180 µm and the lateral
resolution was 100 µm.
To produce co-registered ultrasound and photoacoustic im-
ages a wire phantom consisting of alternating silver- and
black-coated copper wires was used. Ultrasound signals were
received from all of the wires in the phantom (Fig. 3(c,d)).
For the photoacoustic image, the signal from the silver-coated
wires was stronger than that of the black-coated wires by
6 dB. The registration between the two images demonstrates
the information gained by combining the two modalities.
IV. DISCUSSION AND CONCLUSION
In this work, a novel dual-modality all-optical ultrasound
and photoacoustic transmitter was fabricated. Here, a low-
cost wavelength-selective composite was employed to enable
ultrasound generation and photoacoustic excitation from a
single optical fiber. The composite comprised commercially
available materials, namely a permanent marker ink and
PDMS. By exciting the coating at one optical wavelength
(532 nm) ultrasound was generated, whilst for wavelengths
> 1000 nm, the coating was substantially transparent, allowing
photoacoustic excitation light to be transmitted. Transparency
in this range is particularly desirable as it is commonly used
for photoacoustic imaging [11]. Further, for applications such
as intravascular imaging transparency at 1210 nm is desirable
as it coincides with a lipid absorption peak and so can be used
to identify lipid in atherosclerotic plaques [22].
The ultrasound generated within the coating on pulsed laser
excitation had a peak-to-peak pressure sufficient to enable
ultrasound imaging with no averaging. Further, the ultrasound
bandwidth led to a high imaging resolution, 180 µm in the
axial extent and 100 µm in the lateral extent. These promising
values are sufficient to enable high-fidelity ultrasound imaging.
A phantom consisting of alternating silver- and black-coated
wires was imaged to demonstrate co-registered dual-modality
all-optical ultrasound and photoacoustic imaging with the
device. These images demonstrate the advantage of combining
modalities in a hybrid device. Ultrasound provided structural
contrast, showing the location of all the wires, whilst the
photoacoustic image allowed for differentiation between the
wire types.
This work demonstrates that low-cost materials can be used
to fabricate hybrid, dual-modality imaging devices. Whilst the
pressures generated here were sufficient for imaging without
the need for averaging, they were low compared with those
generated by other PDMS composites [16], [21]. Further work
is needed to optimize the coating process in order to achieve
thinner, homogeneous layers of ink, which integrate well with
the PDMS. These optimizations would enable the generation
of higher ultrasound pressures and wider bandwidths. Such
optimizations may be achieved using different solvents, or
coating strategies such as those highlighted previously [22]. It
is expected that dual-modality all-optical ultrasound devices
will find a wide range of uses in clinical interventions in the
near future.
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